In Brief
Soil rhizobial bacteria and arbuscular mycorrhizal (AM) fungi produce lipochitooligosaccharidic (LCO) signal molecules. Girardin et al. show that plant LCO receptors are involved in establishment of the ancient AM symbiosis and have been recruited during evolution for establishment of the nitrogen-fixing root nodule symbiosis with rhizobia.
INTRODUCTION
Arbuscular mycorrhiza (AM) is an ancient mutualistic symbiosis between Glomeromycota fungi and the majority of land plants, in which fungi provide plants with nutrients acquired from the soil in exchange for carbohydrates and lipids [1, 2] . To colonize plant roots, arbuscular mycorrhizal fungi (AMFs) first cross epidermal and outer cortical cells and then spread inter-or intra-cellularly within roots. Inside inner root cortical cells, AMFs form highly branched structures called arbuscules, across which most nutrient exchange takes place. In the more recent nitrogen-fixing root nodule symbiosis (RNS) that occurs between legumes and rhizobia, the bacteria can fix gaseous nitrogen inside the root nodules. Although the microorganisms are different between these two endosymbioses, the RNS is thought to have evolved through recruitment of genes implicated in the more ancient AM [3] .
Nodule organogenesis and bacterial colonization rely on the secretion of lipo-chitooligosaccharide (LCO) signaling molecules by rhizobia [4] . All the rhizobial LCOs have a core structure of 4/5 N-acetyl glucosamine (GlcNAc) units of which the terminal nonreducing sugar is substituted with an acyl chain. Additional substitutions, which are important for host specificity, are characteristic of each bacterial strain [5] . Rhizobial LCOs are perceived by Lysin motif receptor-like kinases (LysM-RLKs) that are encoded by a multigenic family, some of which have the ability to bind LCOs [6] [7] [8] . Members of the LysM-RLK LYRIA phylogenetic group (Figure S1A) [9] , such as Medicago truncatula NFP (MtNFP) or Lotus japonicus NFR5 (LjNFR5), are required for activation of a signaling pathway leading to oscillations of the nuclear Ca 2+ concentration (Ca 2+ spiking), nodule organogenesis, and bacterial colonization [10] [11] [12] .
Two lines of evidence suggest that AM establishment also involves LCO-mediated signaling. The first line is the identification of LCOs from AMFs, and the second is the identification of potential plant LCO receptors. LCOs isolated from AMFs by Maillet et al. (hereafter collectively referred to as Myc-LCOs) have a core structure similar to the rhizobial LCOs and can be sulfated or not on the reducing sugar [13] . Exogenous application of these Myc-LCOs both increases the level of AMF root colonization [13] and activates Ca 2+ spiking in various plant species [14, 15] . Shortchain chitooligosaccharides (COs) produced by AMFs can also activate Ca 2+ spiking [16] , indicating that both LCOs and shortchain COs have the potential to be involved in partner recognition during AM. However, whether Myc-LCOs and/or short-chain COs are indeed involved in AM establishment is not known.
Several LysM-RLKs (Parasponia andersonii PanNFP1 and/or PanNFP2, tomato SlLYK10 and SlLYK12, Medicago truncatula MtLYK9, and rice OsCERK1) have been shown to be involved in AM [17] [18] [19] [20] [21] [22] , but their LCO/CO binding properties have not been determined so far. SlLYK12, MtLYK9, and OsCERK1 belong to the LYKI phylogenetic group ( Figure S1B [9] ). These LysM-RLKs are likely co-receptors, since MtLYK9 and OsCERK1 have a dual function in AM and defense [19, 20, 23] , and OsCERK1 is involved in perception of various ligands including short-chain COs, chitin, and peptidoglycan [24] [25] [26] , the latter two being components of fungal and bacterial cell walls, respectively, known as plant defense elicitors. The other LysM-RLKs known to control AM belong to the LYRIA group that contains members only in plant species that establish AM and/or RNS [27, 28] . In tomato, virus-induced silencing of the unique LYRIA gene (SlLYK10) resulted in significantly lower levels of AM colonization [21] .
Although the current hypothesis is that the RNS evolved by coopting genes involved in the AM [3] , it is unclear how LCO receptors may have evolved to become key players in RNS establishment.
Here, we functionally characterize LCO receptors from Solanaceae, a plant family that establishes AM but not RNS. We use heterologous expression in legumes to infer an evolutionary scenario of LCO receptor recruitment for RNS. Our data suggest that non-legume LYRIA genes encode LCO receptors involved in AM and that the transcriptional regulation required for LCO receptor function in RNS has been directly co-opted from AM.
RESULTS

The Petunia and Tomato LYRIA Genes Are Involved in AM Establishment
We have previously shown that knockdown of the LYRIA gene in tomato (SlLYK10) resulted in impaired AM establishment [21] . Because of the limitations of gene silencing, we screened an EMS-mutagenized tomato population and identified a line carrying a missense mutation in SlLYK10 affecting the second LysM (E 154 K) ( Figure 1A ). Segregants of this line with a homozygous mutation (Sllyk10-1) displayed reduced numbers of AMF colonization sites, root-length colonization, and expression of AM-marker genes (Figures 1B-1D) compared with segregants with a WT SlLYK10 allele (control).
We also searched for knockout lines in a related Solanaceae species, Petunia hybrida, by screening a transposon-mutagenized population [29] . We identified a line with a dTPh1 insertion in the SlLYK10 ortholog PhLYK10 (Figures 2A and S2 ), which segregated with the expected 1:2:1 wild-type:heterozygous:homozygous ratio ( Figure 2B ). Segregants with a homozygous dTph1 insertion (Phlyk10-1) displayed a reduced number of AMF colonization sites ( Figure 2C ), many of them being impaired in arbuscule formation ( Figure 2D ), compared with segregants with a WT PhLYK10 allele (control). Confocal microscopy analysis of colonized cells showed hyphal coils instead of arbuscules ( Figure 2E ). The ratio of colonization sites with aberrant arbuscule development was significantly higher in Phlyk10-1 plants ( Figure 2F ). The Phlyk10-1 plants also displayed a reduced level of root-length colonization and expression of AM-marker genes ( Figures 2G and 2H ). Furthermore, in a segregating population, we found that increased numbers of colonization sites with aberrant arbuscule development correlated with the presence of the dTph1 insertion ( Figure 2I ). Unexpectedly, heterozygous individuals also showed impaired arbuscule development. This, together with the phenotypic similarity observed in SlLYK10silenced plants [21] and the nature of the mutation (stop codon in dTPh1 close to the start codon of PhLYK10), suggests that PhLYK10 function is sensitive to gene dosage.
LCO Binding by LYRIA Proteins Predates the Evolution of RNS LCO-binding in legume LYRIA proteins may have originated from ancestral LCO-binding proteins, or it may have been gained in legumes as a key property in the evolution of the RNS. To discriminate between these two possibilities, we determined the LCO-binding properties of SlLYK10 and PhLYK10. We used Agrobacterium tumefaciens-mediated transient expression to produce SlLYK10-YFP and PhLYK10-YFP in leaves of Nicotiana benthamiana, a plant protein expression system which allows the formation of disulfide bridges essential for LysM-RLK function [30, 31] . SlLYK10-YFP was localized in undefined cytoplasmic structures in N. benthamiana leaf cells, although the protein was properly localized at the plasma membrane (PM) in transgenic tomato roots ( Figures S3A-S3D ). We previously observed that a chimeric LysM-RLK was well localized at the PM in N. benthamiana leaves and had LCO-binding properties similar to the corresponding full-length protein [6] . We thus generated a chimera (hereafter referred to as SlLYK10c) ( Figure S4A SlLYK10c-YFP, PhLYK10-YFP, and PhLYK10c-YFP were all immunodetected in the membrane fractions extracted from N. benthamiana leaves ( Figure 3B ). Their affinity to LCOs was determined by radio-ligand binding assays using LCO-V(C18:1,NMe) labeled with 35 S. Specific binding of LCOs to membrane fractions was detected in extracts of leaves expressing PhLYK10-YFP, PhLYK10c-YFP, or SlLYK10c-YFP but not in extracts of untransformed leaves ( Figure 3C ).
The affinity of PhLYK10-YFP and SlLYK10c-YFP for LCO-V(C18:1,NMe,S) was determined by a cold saturation experiment. Scatchard plot analysis revealed single class of binding sites ( Figure 3D ) with dissociation constants (K d ) of 22 nM ± 5 nM (n = 3) and 19 nM ± 4 nM (n = 3), for PhLYK10 and SlLYK10c, respectively, showing that both proteins exhibit high-affinity binding to this LCO. Their selectivity toward COs was then determined through competition assays between the 35 S-LCO and an excess (1 mM) of unlabeled COs. CO4 and CO8 were much less efficient competitors of 35 S-LCO binding ( Figure 3E ) with inhibitory constants (K i ) higher than 1 mM, Table S1. showing that the LCO-binding site of PhLYK10 and SlLYK10c exhibits a low affinity for COs. We also determined the binding selectivity of SlLYK10c-YFP toward Myc-LCOs. All Myc-LCOs were able to compete the binding of the 35 S-LCO ( Figure 3F ).
The affinities of SlLYK10c-YFP for the sulfated and non-sulfated Myc-LCOs were further determined by competition assays. K i of 192 nM ± 52 nM (n = 3) and 354 nM ± 60 nM (n = 3) were obtained for LCO-IV(C16:0,S) or LCO-IV(C16:0), respectively ( Figure 3G ). Finally, we found that affinity of PhLYK10c for LCOs (K d of 60 nM ± 18 nM [n = 2]) and selectivity for LCOs versus COs were similar to that of PhLYK10 ( Figures S5A and S5B ), confirming that the LCO-binding properties of full-length proteins are conserved in our chimeric LysM-RLK.
Promoters from LYRIA Genes Did Not Neo-functionalize to Support RNS Evolutionary genetics in various eukaryotic models indicates that recruitment of existing pathways to new traits often involves the gain or loss of cis-regulatory elements in promoter regions [32, 33] . We tested whether change in the transcriptional regulation for the LYRIA gene occurred for advent of the RNS by analyzing the expression patterns of Solanaceae LYRIA promoters in AM and RNS. In un-inoculated transgenic tomato roots, a 1.8 kbp sequence of the SlLYK10 promoter region (ProSlLYK10) drove the expression of the GUS reporter primarily in lateral roots ( Figure 4A ), the preferred site for AMF penetration [34] . Transverse and longitudinal sections revealed GUS activity in the epidermis and outer cortex ( Figures 4B and 4C ). In transgenic roots maintained as root organ cultures (ROCs) and inoculated with AMF, GUS staining was observed in arbusculecontaining cells ( Figures 4D and 4E ). Strongest GUS expression was observed in cells at the border of colonization units. Interestingly, this is the site where young arbuscules develop [35] .
During nodulation, the M. truncatula LYRIA gene MtNFP is expressed in nodule primordia and later in the infection zone of mature nodules [10] . We analyzed the activity of the petunia and tomato LYRIA promoters during nodulation in M. truncatula. ProSlLYK10 and ProPhLYK10 exhibited an activity similar to ProMtNFP with GUS staining in the nodule primordia and in the apex of mature nodules ( Figure 5A ). This shows that the promoters of the two Solanaceae LYRIA genes contain all the information required for expression in legume nodules. We also compared the expression patterns of the three promoters in M. truncatula mycorrhizal roots. ProMtNFP showed a weak nonspecific expression, while ProSlLYK10 and ProPhLYK10 were mostly active in arbuscule-containing cells ( Figure 5A) . These results suggest that ProSlLYK10 and ProPhLYK10 have the full symbiotic capacity required for expression during AM and RNS and that ProMtNFP has lost the ability to drive expression in mycorrhizal roots. In legumes, a whole-genome duplication at the base of the Papilionoideae gave rise to two paralogous LYRIA genes in Medicago, MtNFP, and MtLYR1. In contrast to MtNFP, MtLYR1 is expressed in mycorrhizal roots [36] , but not in nodules (M. truncatula Gene Expression Atlas). The absence of ProMtNFP expression in mycorrhizal roots may reflect either a modification of the ancestral gene promoter required for its recruitment for RNS or the sub-functionalization following the gene duplication in the Papilionoideae. To test these possibilities, we analyzed the expression pattern of MpNFP, the LYRIA gene from Mimosa pudica, a legume from the Mimosoideae clade that did not undergo whole genome duplication [37] . We found that in M. truncatula, ProMpNFP drives a similar expression pattern to ProSlLYK10 and ProPhLYK10, with activity detected both in nodules and in arbuscule-containing cells ( Figure 5A ). This indicates that the evolution of RNS did not require the loss of LYRIA gene activation during AM. To determine whether Solanaceae LYRIA promoters are sufficient to provide LYRIA protein activity for RNS, we expressed the MtNFP coding sequence (CDS) under the control of ProSlLYK10 in a Mtnfp mutant line unable to form nodules. We observed a similar number of nodules in roots containing either the ProSlLYK10:MtNFP-YFP construct or the ProMtNFP:MtNFP-YFP construct ( Figure 5B) .
These results suggest that cis-regulatory elements essential for expression in nodules are conserved between ProSlLYK10, ProPhLYK10, ProMtNFP, and ProMpNFP. To identify the region that contains these cis-regulatory elements, we first cloned a shorter version of the MtNFP promoter (240 bp before the start codon) and tested its activation during RNS. Similar to the 1.5 kb sequence, this shorter promoter was sufficient to drive expression of the GUS reporter in young nodules ( Figure 5C ). Through scanning the promoter region of orthologous LYRIA genes from nodulating and non-nodulating dicotyledonous species, we identified the AAAGCTANNGACA consensus sequence in the promoters of at least one LYRIA gene in 60% of 71 investigated species ( Figure S6 ). This consensus sequence is located in the proximal region of MtNFP and SlLYK10 promoters (Figure 5D) . A SlLYK10 promoter region starting 10 bp upstream of this consensus sequence (185 bp before the start codon) also exhibited activity in young nodules ( Figure 5C ).
Taken together, our results indicate that the recruitment of LYRIA genes for RNS did not require modification in the regulation of their expression.
PhLYK10 Partially Complements the Lack of Nodules in Legume Mutants
Besides modifications in cis-regulatory elements, recruitment of a gene into a new trait may result from neo-functionalization of the encoded protein [32, 38] . To test whether the recruitment of LYRIA genes for RNS involved neofunctionalization, we performed complementation assays of Mtnfp and Ljnfr5 mutants with the CDS of PhLYK10 and SlLYK10. ProLjNFR5:SlLYK10 did not restore nodulation in Ljnfr5 mutant. This is similar to what was observed in Mtnfp mutant with the CDS of MtNFP ortholog in pea, PsSYM10, under the control of ProMtNFP [39] . However, we found that PsSYM10 under the control of the strong 35S promoter was able to complement Mtnfp for nodule formation and rhizobial colonization ( Figures S7A and S7B) . Strikingly, Pro35S:SlLYK10 and Pro35S:PhLYK10 were also able to restore the formation of nodules in Mtnfp ( Figure 6A) while Mtnfp roots expressing AtCERK1, an A. thaliana LysM-RLK from the LYKI group ( Figure S1B ) did not produce any nodules. The nodules formed in roots expressing SlLYK10 were fully colonized by rhizobia, similarly to roots expressing MtNFP, while only a very weak rhizobial staining was observed in roots expressing PhLYK10 ( Figure 6B ). Immunodetection of proteins in Mtnfp roots revealed that MtNFP was expressed at the highest level ( Figures 6C and S7C) , whereas PhLYK10 was below the Figure S6 and Table S2. detection limit despite its ability to partially complement nodulation in Mtnfp. This may reflect differences in the stability of the orthologs in M. truncatula, which in turn may explain the different levels of complementation by the different LYRIA proteins. Nodulation was also restored in Ljnfr5 roots expressing PhLYK10 ( Figure 6D ), although, as in Mtnfp roots, fewer nodules were formed compared with complementation with the endogenous LYRIA gene. In this case, the nodules were fully colonized by rhizobia ( Figure 6E) . ProLjUBI:PhLYK10-mOrange also triggered spontaneous nodule formation in L. japonicus in the absence of rhizobia ( Figures S7D and S7E ) like overexpression of LjNFR5 [40] .
DISCUSSION
Myc-LCOs can induce gene transcription, Ca 2+ spiking, and root branching [13-15, 41, 42] . However, until now it was not clear whether they are involved in AM establishment. Here, we demonstrate high-affinity LCO-binding properties of PhLYK10 and SlLYK10, which, together with the mycorrhizal phenotype of the Phlyk10-1 and Sllyk10-1 mutant lines, provide the strongest evidence to date that Myc-LCOs are directly involved in AM establishment.
Detailed characterization of PhLYK10 and SlLYK10 revealed that they are high-affinity LCO-binding proteins that discriminate LCOs versus COs; their affinity for LCOs being as high as that of the previously characterized legume LYRIA protein, LjNFR5, expressed in the same heterologous system [8] . SlLYK10 recognized the Myc-LCO structures described in [13] with similar affinity for sulfated and non-sulfated Myc-LCOs. However, SlLYK10 exhibited a higher affinity for LCO-V(C18:1,NMe,S) compared with the published Myc-LCO structures, indicating that such LCOs or related structures could potentially represent additional Myc-LCOs.
The similarity of the AM phenotype in the petunia line knockout for PhLYK10, the tomato line bearing a point mutation in SlLYK10, and the tomato SlLYK10-silenced plants [21] provides compelling evidence that the LYRIA gene is involved in AM establishment in Solanaceae. Reduction in the number of colonization sites in the above-mentioned plants suggests a role at early stages for AMF penetration in roots. Moreover, the aberrant arbuscule development observed in Phlyk10-1 and SlLYK10silenced plants suggests an additional role in arbuscule development. The activity of the SlLYK10 promoter in tomato roots initially in the epidermis and upon colonization in arbuscule-containing cells further supports a role of the LYRIA gene at several steps of AM establishment in Solanaceae.
Although Phlyk10-1, Sllyk10-1, and the SlLYK10-silenced plants are affected in AM establishment, AMFs can still colonize roots and form arbuscules. In a mutant of the rice LYRIA gene OsNFR5, AM-marker gene expression was decreased, but the number of AMF colonization sites was not affected [18] . Mutants in MtNFP are also colonized normally by AMFs [19, 43] despite an almost complete block of symbiosis-related responses to both rhizobial LCOs and Myc-LCOs [13, 14, 43, 44] . Moreover, a double mutant in the two LYRIA genes LjNFR5 and LjLYS11 was not affected in AM establishment [45] . Altogether, this suggests redundancy at the level of LCO perception or that other signals could activate the LCO-mediated signaling pathway. Indeed, Ca 2+ spiking can be measured in an Mtnfp mutant after treatment with CO4 [16] , suggesting that short-chain CO receptors are also involved in AM establishment. Other signals such as karrikin-like molecules and effector proteins produced by AMFs are known to play important roles in plant-AMF communication [46] , but the connection of their perception and/or mode of action to LCO-mediated signaling remains elusive.
It has been postulated that RNS has evolved through recruitment of genes implicated in AM, but it is unclear how the LCO perception machinery may have been affected by the evolution of RNS. Our data are compatible with a scenario in which an ancestral LYRIA gene involved in LCO perception in AM was directly recruited for LCO perception for RNS in legumes (Figure 7) . Because both symbiotic interfaces are intracellular, it can be proposed that LYRIA genes participate in these conserved accommodation mechanisms [47] . The promoters of the single LYRIA gene from the Solanaceae or from the legume M. pudica have the ability to drive dual expression both in mycorrhizal roots and in nodules of M. truncatula. In contrast, the LYRIA gene pairs in the legumes Medicago and Lotus, MtNFP/LjNFR5, and MtLYR1/ LjLYS11 have retained transcriptional regulation only during nodulation or AM, respectively [10, 36, 45] . This is indicative of promoter sub-functionalization following the whole genome duplication that predated the radiation of the Papilionoideae, the legume clade to which Medicago and Lotus belong (Figure 7) . Interestingly, RNS is evolutionarily more stable in Papilionoideae than in any other clade of RNS-forming plants, including the Mimosoideae to which Mimosa belongs [48] . In other words, the probability for a given species in the Papilionoideae to lose RNS is much lower than in other clades. Although the reason for this greater stability remains unknown, one possibility is that duplication and sub-functionalization of genes with a dual function in AM and RNS such as the LYRIA genes, for separated functions in AM and RNS, may have allowed stabilized symbiotic associations.
The AAAGCTANNGACA sequence conserved in LYRIA promoters could represent an ancestral cis-regulatory element involved in transcriptional regulation during AM that has been recruited for transcriptional regulation during RNS. This putative cis-regulatory element is, however, conserved in the promoters of both paralogous LYRIA genes from the Papilionoideae, suggesting that sub-functionalization of the LYRIA promoter pairs has not occurred through divergence in this sequence. Further studies are required to validate the function of this putative cisregulatory element and to identify the mechanism of LYRIA promoter sub-functionalization in Papilionoideae.
Strikingly, the Solanaceae LYRIA proteins PhLYK10 and SlLYK10 can restore the full nodulation program in the legume LYRIA mutants Mtnfp and Ljnfr5, although with lower efficiency than the respective endogenous LYRIA genes MtNFP and LjNFR5. This suggests that the legume and non-legume LYRIA proteins can fulfill the function of endogenous LYRIA proteins for both nodule formation and rhizobial colonization. Lower complementation efficiency of SlLYK10, PhLYK10, and PsSYM10 compared with MtNFP correlated with lower levels of protein detected in complemented Mtnfp roots. However, lower complementation efficiency of heterologous LYRIA proteins in Mtnfp and Ljnfr5 may also be due to inefficient interactions with the respective co-receptors MtLYK3 and LjNFR1, two LysM-RLKs belonging the LYKI group. It has been suggested that evolution of the LYRIA gene for a new role in RNS may have involved a tandem gene duplication (preceding the advent of RNS) followed by neofunctionalization of one copy for RNS and loss of other copy in the species that acquired the RNS [49] . However, our results suggest that both the promoter and the CDS of the ancestral non-duplicated LYRIA gene were already fully competent for both symbioses.
Intriguingly, our results raise the question of how signal specificity in AM and RNS may be encoded. The fact that PhLYK10 can complement both Mtnfp and Ljnfr5 for nodule formation while M. truncatula and L. japonicus can specifically recognize the respective major LCOs produced by Sinorhizobium meliloti (LCO-IV(C16:2,S) [50] and Mesorhizobium loti (LCO-V(C16:1,Cb,Fuc,Ac) [51] argues for limited LCO selectivity of MtNFP, LjNFR5, and their Solanaceous orthologs PhLYK10 and SlLYK10. This questions the hypothesis that MtNFP and LjNFR5 recognize specific LCO structures and suggests that co-receptors such as MtLYK3/LjNFR1, or yet unidentified proteins, may interact with MtNFP and LjNFR5 to confer LCO binding specificity to LCO receptor complexes. Consistent with such a scenario, the number of LysM-RLKs in the LYKI group has dramatically increased in legumes compared with non-legumes and contains a legumespecific subgroup to which MtLYK3 and LjNFR1 belong [52] .
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Detailed methods are provided in the online version of this paper and include the following: 
